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® Vaporizing reactant liquids for CVD. 



@ The disclosure relates to a vaporizer valve (12) 
which accepts a carrier gas and a pressurized liquid 
and forms a mixture of the carrier gas and vaporized 
liquid. An internal cavity (50) receives the carrier gas 
through a canrier aperture and the liquid through a 
liquid aperture (49), and the mixed gas and vapor 
are exhausted out of the cavity (50) via a third 
aperture. A moveable diaphragm (54) disposed adja- 



cent to the liquid aperture (49) forms a vaporization 
region having a pressure gradient. The liquid pass- 
ing through this pressure gradient vaporizes due to 
expansion. By controlling the diaphragm position 
with a feedljack control circuit responsive to a liquid 
flow rate monitor, the liquid flow rate may be con- 
trolled independently of the carrier gas flow rate. 
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Background of the Invention 

The present invention relates generally to a 
device for vaporizing a liquid at a controlled rate. 
More specifically, it 'relates to a device for vaporiz- 
ing a liquid with a rapid pressure drop and mixing 
the vaporized liquid with a carrier gas in a nnanner 
which allows independent control of the flow rates 
of the liquid and carrier gas. The invention is par- 
ticulariy suited for supplying vaporized reactants to 
the reaction chamber of a chemical vapor deposi- 
tion system. 

Chemical vapor deposition (CVD) processes 
are widely used in the deposition of thin films used 
in semiconductor devices and integrated circuits- 
Such processes involve deposition resulting from a 
reaction of chemical vapors homogeneously or het- 
erogeneously on a substrate. The reaction rate is 
controlled, e.g., by temperature, pressure and reac- 
tant gas flow rates. The use of low vapor pressure 
liquids as precursors for such processes has sev- 
eral advantages and has become more common. 

Prior CVD processes involve transport of low 
vapor pressure liquid using a bubbler or boiler. In 
these processes, a carrier gas saturates the liquid 
and transports the vapor. The amount of vapor 
transported depends on the downstream pressure, 
carrier gas flow, vapor pressure in the ampoule 
holding the source liquid source, and the like. 
Thus, the amount of vapor transported is not an 
independent parameter and therefore is difficult to 
control. As a result. CVD processes using a bub- 
bler or boiler have not demonstrated the ability to 
consistentiy control the flow rate of the vaporized 
reactant, which -decreases the quality of films pro- 
duced by these processes. 

An additional shortcoming of CVD processes 
using bubblers is that tiiese processes have dif- 
ficulty producing the high reactant flow rate needed 
to achieve a high film deposition rate. With a bub- 
bler, increasing reactant flow rate requires either 
increasing the bubbler temperature or the canrier 
gas flow rate. However, ttie reliability of down- 
stream hardware limits tiie use of a bubbler tem- 
perature above a certain value, and the adverse 
effect of excessive carrier gas flow rate on the 
quality of the deposited film limits the use of high 
carrier gas flow rates, thus limiting the amount of 
vapor that can be transported. Thus, the amount of 
reactant vapor that can be transported is undesir- 
ably limited. 

In known boilers, tiie liquid is heated, and the 
vapor formed is controlled using a high tempera- 
ture gas flow controller. In this arrangement, the 
amount of vapor transported depends on the down- 
stream chamber pressure and the boiler tempera- 
ture. However, the vapor pressure of liquids com- 

liconductor 



films (e.g.,ietra6thyIorthosil3ne TEGS) is very small 
at normal operating temperatures; as a result, va- 
por transport limitations occur when a boiler is 
used in high pressure (e.g., atinospheric pressure) 

6 CVD processes. Heating the boiler to the liquid 
twiling temperature could obviously improve tiie 
vapor transport for such processes, but the boWer 
temperature is limited by the reliability of tiie down- 
stream hardware. 

10 The previously filed U.S. patent application 

Serial No. 07/912,024. filed July 9, 1992 describes 
a CVD process in which vapor is formed by flowing 
heated carrier gas over a bead of liquid. The liquid 
evaporates into the carrier gas, creating reactant 

75 vapor for CVD. The evaporation rate is controlled 
by adjusting tiie flow rate of liquid into the t>ead; at 
high flow rates, the size and surface area of the 
bead increases until the evaporation rate equals the 
liquid flow rate. However, above a given limit, in- 

20 creases in liquid flow rate will result in only partial 
vaporization. An advantage of this process over the 
bubbler and boiler techniques is tiiat it allows in- 
dependent control of the liquid flow rate. However, 
like tiie bubbler and boiler techniques, this tech- 

25 nique relies on heated evaporation to vaporize the 
liquid, and thus can produce only limited vaporiza- 
tion rates. 

A need tiierefore remains for a reliable and low 
maintenance liquid vaporizer which can vaporize 
30 liquid at high flow rates and additionally allow in- 
dependent confi-ol of liquid and canrier gas flow 
rates. The present Invention addresses that need. 



35 



Summary of the Invention 



The invention features a vaporizer which ac- 
cepts a canrier gas and a pressurized liquid. An 
internal cavity receives ttie carrier gas tiirough a 
carrier aperture and combines tiie canier gas with 
40 vapor formed from liquid received tiirough a liquid 
aperture. The mixed gas and vapor are exhausted 
out of the cavity via a third aperture. The liquid is 
vaporized by tiie pressure differential between the 
liquid and vapor: a closure element which is sub- 
46 stantially wider tfian ttie liquid aperture is disposed 
adjacent to tiie liquid aperture so tiiat a pressure 
gradient forms tjetween ttie liquid aperture and the 
remainder of ttie cavity. The liquid passing through 
tills pressure gradient vaporizes due to expansion. 
50 An advantage of ttie invention is tiiat the vapor- 

izer forms vapor by expansion in a pressure gra- 
dient, ratiier ttian evaporation, and therefore can 
vaporize liquid at high flow rates such as tiiose 
needed for some semiconductor fabrication pre- 
ss cesses. 

In preferred embodiments, the closure element 
is a diaphragm movable relative to the liquid ap- 
erture to increase or decrease the flow rate of the 
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liquid. Ttie closure eiernent is moved by an elec- 
trically controlled actuator such as a piezoelectric 
element. To control ttie flow rate of the liquid, a 
liquid flow meter is connected to measure the flow 
rate of liquid into the liquid inlet port. A feedback 
control system compares the measured flow rate to 
a selected value and controls the piezoelectric ac- 
tuator so that the flow rate approximates the se- 
lected value. 

An advantage of this embodiment is that the 
liquid flow rate is controlled solely by the move- 
ment of the diaphragm, so that (unlike the vaporiza- 
tion systems described above) the liquid flow rate 
is independent of the carrier gas flow rate and 
therefore can be more accurately controlled. 

In further preferred embodiments, a heater 
heats at least a portion of the valve body near to 
the cavity so as to inhibit the liquid, which has 
cooled due to expansion, from condensing on the 
walls of the cavity after it has vaporized. 

Brief Description of the Drawing 

Fig. 1 is a block diagram of a liquid deliv- 
ery system in accordance with the 
invention. 

Fig. 2A is a cross-sectional view of the va- 
porizer 12 of Fig. 1. Rg. 28 is a 
second cross-section view of vapor- 
izer 12, Rg. 2C is a plan view of 
vaporizer 12, and Rg. 2D is a detail 
view of the diaphragm of vaporizer 
12. 

Rg. 3 is a more detailed block diagram of 
' a portion of the liquid delivery sys- 
tem of Rg. 1. 
The drawings are not completely to scale in 
that the smaller passageways are exaggerated in 
diameter to make them visible on the drawings. 

Description of the Preferred EmtxxJiment(s) 

Turning now to the drawings, more particularly 
to Rg. 1. there is shown a liquid delivery system 
10 which uses a specially designed vaporizer 12 
for both liquid flow control and vaporization at a 
single stage. Liquid flow rate is controlled by a 
closed loop system between a liquid flow monitor 
14 and the vaporizer 12. In the system 10, a liquid 
reactant 11, such as TEOS. trimethyl borate, tetra- 
ethyl borate, tetraethyl phosphate, tetraethyl 
phosphite, tetrakls(dtmethylamfno)titanium diethyl 
analog, water or the like is delivered from a liquid 
bulk delivery tank 16 to a CVD process chamber 
18 of a conventional thermal or plasrpa-enhanced 
type. For example, such a chamber 18 Is described 
in the following commonly owned issued U.S. Pat- 



et al.; 4,668.365, issued May 26, 1987 to Foster et 
al.; 4.579,080, issued April 1, 1386 to Eenzing et 
al.; 4.496,609, issued January 29. 1985 to Benzing 
et al. and 4.232,063. issued November 4. 1980 to 
5 East et al., the disclosures of which are incor- 
porated by reference herein. 

The liquid bulk delivery tank 16 has a dip tut>e 
20 extending into the tank 16 and a source 24 
providing a pressurized gas such as helium to 
TO "head" space 26 at the top of tank 16, above the 
liquid reactant 11, for driving the liquid from the 
tank. The liquid flow monitor 14 is connected be- 
tween the liquid bulk delivery tank 16 and liquid 
inlet 30 of the vaporizer 12. A controlled amount of 
15 liquid is injected by the vaporizer 12, which con- 
verts the liquid to vapor by expansion and trans- 
ports the vapor to the process chamber 18 by 
means of a carrier gas, such as helium, nitrogen or 
argon. A control signal from the liquid flow monitor 
20 14 is fed back via control electronics 32 to the 
liquid flow control input of vaporizer 1 2. A gas tank 
34 containing the carrier gas is connected to gas 
inlet 36 of the vaporizer 12 through a mass flow 
controller 38 which regulates the gas flow rate. 
25 In many applications, liquid 11 may be toxic 

and/or caustic. To facilitate servicing of the system 
1 0 and its component valves and other elements, a 
purge line 39 is connected between the gas tank 
34 and the liquid flow monitor to allow the operator 
30 to purge system 10 of the reactant liquid 11 and its 
vapor before servicing. To further reduce the 
amount of reactant in the system, a vacuum line 41 
is used in conjunction with purge line 39 to evacu- 
ate liquid and vapor from the system. (Vacuum line 
35 41 is coupled to the vacuum system of the CVD 
process chamber.) 

Remotely controllable (e.g.. pneumatic) valves 
13 and manual valves 15 are inserted on each line. 
These valves are opened and closed to enable 
40 normal operation and purge and evacuation oper- 
ations. To enhance safety and fault-tolerance, each 
line having a remotely controlled valve 13 also has 
a manual valve 1 5 which can be closed manually if 
the remotely controlled valve fails. 
-#5 Details of the vaporizer 12 are shown in Rgs. 
2A-2D. Referring to Rg. 2A, liquid inlet port 30 is 
connected by passage 40 through valve body 42 to 
shut off valve bore 44. which contains a piston 46. 
When the shut off valve is closed, piston 46 seats 
60 against the inner face of valve bore 44 (as shown in 
Rg. 2A), preventing liquid flow. Any suitable actuat- 
ing means can be used to move valve piston 46 
along bore 44 into and out of this seated position. 
In one embodiment a beltows spring 45 generates 
65 pressure tending to seat piston 46 against the valve 
bore 44 and close the shut off valve. The shut off 
valve is opened by driving compressed air into a 
cavity 43 via opening 41*. generating force on 
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piston 46 and muving it out of bore 44, aJlowing 
liquid to flow. Other types of valves can be used 
for shut off valve, e.g., a diaphragm valve. 

Passageway or channel 48 within valve body 
42 connects the sh6t off valve bore 44 to a control 
valve bore or cavity 50. The control valve bore 50 
contains a piezo valve having a piezoelectric mem- 
ber 52 and a diaphragm 54 positioned proximate to 
opening 49 at the end of passage 48. Electrical 
excitation of the piezoelectric member 52 causes 
the diaphragm 54 to move closer to or further from 
the end of passage 48, thereby controlling liquid 
flow. 

The piezo valve may be implemented with a 
commercially available piezo-electric valve, such as 
model IV1000 or IV2000 type, obtainable from 
STEC, Kyoto. Japan. In one embodiment. the valve 
typically operates at a flow rate of 0.3-0.6 
grams/minute, in which case the gap between the 
diaphragm 54 and opening 49 is approximately 10 
urn. (Excessive gap height can cause undesirable 
turbulence in the control valve bore 50.) In this 
embodiment, the piezoelectric valve can be se- 
lected to provide a 0-30 urn gap adjustment range, 
e.g.. at an input voltage of 0 Volts, the gap is 0 urn, 
at an input voltage of 5 Volts, the gap is 10-15 urn. 
and at an input voltage of 15 Volts, the gap is 30 
lim- Thus, the piezoelectric valve not only provides 
liquid flow control, but can also operate temporarily 
to fully shut off liquid flow. 

A typical piezoelectric valve must be supplied 
with electrical power, e.g., ^:15 Volt supplies, to 
operate properly; typically the valve will relax to a 
fully open state when electrical power is removed. 
Thus, to protect against electrical failure, it is pru- 
dent to connect a piezoelectric vaive in series with 
a positive shut off valve such as that provided by 
piston 46. Alternatively, a different proportional con- 
trol valve could be substituted for the piezo valve, 
possibly providing both flow control and positive 
shut-off. 

Referring to Rg. 2B, gas Inlet port 36 is con- 
nected by passage 58 through valve body 42 to 
control valve bore 50. Outlet port 60 is connected 
by passage 62 through valve fc>ody 42 to the con- 
trol valve bore 50. Housing 57 retains the dia- 
phragm 54 in proximity to the valve body 42. 
Diaphragm 54 has a cylindrical center piston 61 
which is positioned parallel to. and an adjustable 
close spacing from, the surface of valve seat 53. 
Diaphragm 54 also has a thick annular edge 63 
which rests on a circular lip 56 formed in the valve 
body 42. Diaphwonr^** tnanufswtured of stain- 
IflOTr.ltff' or a similarly flexible metal. Movable 
■spider" portion 59 of diaphragm 54 comprises a 
thin (e.g. 40-50 mil), elastic, annular sheet or mem- 
brane connecting the thick annular edge 63 and the 



couples to the annular edge of diaphragm 54 and 
thereby contains the vapor/carrier mixture within 
valve bore 50. 

Rg. 2C shows opening 49 disposed between 

5 passages 58 and 62 within control valve bore 50. 
Opening 49 is large enough in diameter to prevent 
constriction of the liquid flow into the valve bore 50 
(if opening 49 is too small the flow rate can no 
longer be adjusted by the piezo valve). The radial 

JO an-ows in Rg. 2C indicate the direction of flow of 
the liquid into the valve bore 50 from the orifice 49. 
The circular arrows in Rg. 2C indicate the direction 
of flow of the carrier gas out of passage 58 circum- 
ferentially around the annular valve bore 50 (where 

75 the carrier gas mixes with vaporized liquid), and 
into passage 62. 

Rg. 2C also illustrates: circular seat 53 which 
engages the face of diaphragm 54 (as discussed 
below with reference to Rg. 2D); circular lip 56 

20 which engages the thick annular edge 63 of dia- 
phragm 54; and the circular center edge of housing 
57. 

Referring to Rg. 2D. during operation, liquid 
reactant 1 1 such as TEOS is pressurized by source 
25 24 (Rg. 1) at. e.g., from about 2 to about 30 
pounds per square inch (psi). When the shut off 
valve is open (i.e., piston 46 is drawn out of bore 
44, as shown), the liquid enters liquid inlet port 30, 
flows via liquid inlet passages 40 and 48, and is 
30 injected out of the opening 49 into a vaporizing 
area 51 formed in the control valve bore 50 be- 
tween the diaphragm 54 and seat 53 which rises 
out of valve body 42 and which contains opening 
49. It has t>een found that turbulent vaporization, 
35 which can t>e detected by oscillating flow mea- 
sured by flow meter 14. may occur if the diameter 
of the seat 53 is too large. In one embodiment, the 
diameter of the seat is approximately 0.5 cm. ft has 
also been found that the more efficient vaporization 
40 can be achieved if the diameter of the face of the 
diaphragm 54 coupled to the seat 53 is larger than 
the diameter of the seat itself. In one emtxxJiment. 
the proportion of these two diameters is as Illus- 
trated in Rg. 2D. The amount of liquid 1 1 injected 
45 into the vaporizing area 51 is controlled by position 
of the diaphragm 54 relative to the opening 49. 
which is in turn controlled by the electrical excita- 
tion of the piezoelectric memtjer 52. 

When exiting passage 48, liquid 11 sees a 
50 radial pressure drop within the vaporizing area 51 
(the gradient of this pressure drop is indicated by 
an-ows in Rg. 2C), and vaporizes by expansion. (A 
pressure drop gradient of this kind has been found 
to be more effective in rapidly and uniformly vapor- 
65 Izing liquid than a step pressure drop of the kind 
produced, e.g.. by an atomizer.) After exiting vapor- 
izing area 51. the vaporized reactant liquid mixes 
with carrier gas flowing from inlet passage 58 to 
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outlet passage 62 and is transported out of the 
vaporizer 12 to the CVD process chamber (Fig. 1). 
To prevent the vaporized reaciarit iiquid, which has 
been cooled due to expansion, from condensing on 
the walls of cavity 50, the vaporizer is maintained 
at an elevated temperature by a suaounding heat- 
ing jacket (not shown). 

It will be noted in Fig. 3 that pressure from 
housing 57 downwards on the annular edge 63 of 
diaphragm 54 causes the center piston 61 of dia- 
phragm 54 to bow upwards away from the surface 
of seat 53. Thus, the valve relaxes to an open 
position when no electrical excitation is applied to 
piezoelectric memt>er 52 (Rg, 2A, 2B). 

It will also be noted that in the embodiment 
illustrated in Rg. 2D. the surface of seat 53 is 
coplanar with the upper surface of lip 56. Thus, the 
line extending across cavity 50. which represents 
the upper surface of lip 56. is exactly collinear with 
the line representing the upper surface of seat 53. 

Details of the control electronics 32 of Rg. 1 
are shown in Rg. 3. Feedback control is used to 
control the piezo valve because the voltage-to- 
opening transfer function of the piezo valve can be 
difficult to control because it is non-linear, has 
hysteresis, and drifts with changes in temperature, 
pressure, and liquid flow rates. The control elec- 
tronics 32 include a proportional-integral-derivative 
(PID) control circuit 72 which generates an output 
on line 80 which is a function of: the difference 
between the signals on lines 76 and 78; the integral 
of this difference; and the derivative of this dif- 
ference. The input-output relationship of the PID 
circuit is chosen to maximize the stability and 
tracking of the circuit and minimize response time. 
Preferably, an auto-tune or adaptive filtered PID 
circuit is used so that the control function is con- 
tinuously optimized to the system response. Any 
commercially available adaptive PID circuit, for ex- 
ample the PID sold by Watlow Controls under part 
no. 965A, can be suitably used in the Rg. 3 ap- 
plication. 

The inputs to the PID 72 are a 0 to 5 volt flow 
output signal supplied by the liquid flow monitor on 
line 76, and a 0 to 5 volt set point signal on line 78. 
The output of PID 72 is a 0 to 5 volt position input 
signal which is supplied to the piezo valve on line 
80. The PID 72 drives the position signal on line 80 
so that the flow monitor output signal on line 76 is 
equal to the set point signal on line 78. If the liquid 
flow rate is below the desired level, the flow output 
signal on line 76 and the set point signal on line 78 
will differ, and the PID 72 will drive the vaporizer 12 
to Increase the liquid flow by opening the piezo- 
electric valve. H the liquid flow rate is above the 
desired level. PID 72 will drive the vaporizer 12 to 
decrease liquid flow by closing the piezoelectric 



System 10 is simple, easily maintainable, low 
cost and provides improved process control. By 
using the vaporizer 12 of the present invention, 
both the liquid flow control and the vaporization 

5 occur at a single stage. As a result, vapor flowrate. 
repeatability, and responsiveness are improved, 
and independent control of liquid and carrier gas 
flow rates are achievable. Hence, film properties 
can be independently controlled. 

10 It should be apparent to those skilled in the art 

that various changes in form and details of the 
invention as shown and described may be made. 
For example, the liquid mass flow can be con- 
trolled separately from the liquid vaporization. To 

T5 accomplish this objective, the liquid flow monitor 
14 of Rg. 1 may be replaced with a liquid mass 
flow controller having a low pressure differential, 
and an additional high-temperature monitor may be 
inserted in line 47. The control electronics may 

20 then contain separate sections: a first section con- 
trolling the liquid mass flow to a desired value by 
driving the input of the liquid mass flow controller; 
and a second section controlling the vaporization at 
the piezo valve of vaporizer 12 in response to 

25 measurements generated by the high-temperature 
monitor. 

Claims 

30 1. A vaporizer for vaporizing a liquid and mixing 
the vaporized liquid with a carrier gas, com- 
prising: 

a valve txxJy (42) defining a control valve 
cavity (50) having first, second and third ap- 
35 ertures, 

a gas inlet port (36) connected to said first 
aperture through a first fluid channel (58) for 
receiving said canier gas at a given pressure, 
a liquid inlet port (30) connected to said 
40 second aperture (49) through a second fluid 

channel (40) for receiving said liquid at a flow 
rate and a pressure atwve said given pressure, 
a closure element (54) disposed adjacent 
to said second aperture (49) for forming a 
45 vaporization region (51) having a pressure gra- 

dient said vaporization region (51) circum- 
scribing said liquid inlet port and having a 
substantially larger width than said inlet port, 
and 

60 an outlet port (60) connected to said third 

aperture through a third fluid channel (62), 

wherein liquid supplied through said liquid 
inlet port (30) vaporizes in said valve cavity 
(50) to form a vaporized liquid, mixes with said 

65 carrier gas, and is carried out of said vaporizer 

(12) through said outlet port (60). 
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Z The vaporizer of claim i, 

wherein said closure element Is a diaphragm 
(54) movable relative to said second aperture 
(49) to increase or decrease said flow rate and 
further compri^ng an actuator (52) for 
moving said diaphragm (54) toward and away 
from said second aperture (49) in response to 
a control signal. 

3. The vaporizer of claim 1 or 2, 
further comprising 

a liquid flow meter (1 4) connected to mea- 
sure the flow rate of liquid into said liquid inlet 
port (30), 

a feedback control system (32) for provid- 
ing said control signal in response to a flow 
rate measured by said liquid flow meter (14) 
so as to regulate the flow rate of the liquid to 
approximate a selected value. 

4. The vaporizer of claim 2 or 3, 

wherein said actuator is a piezoelectric mem- 
ti^er (52) responsive to said control signal. 

5. The vaporizer of any of claims 1 to 4, 

further comprising a heater for heating at least 
a portion of said valve body (42) near to said 
cavity (50) so as to inhibit said liquid from 
condensing after it has vaporized. 

6. A chemical vapor deposition system using a 
liquid reactant and a carrier gas, comprising: 

a chemical vapor deposition chamber (18) 
having a gas inlet port and 

a liquid reactant vaporizer (12) having an 
outlet port (60) connected to said chamber 
inlet port said vaporizer (12) comprising: 

a valve body (42) defining a control valve 
cavity (50) having first, second and third ap- 
ertures, said outlet port (60) connected to said 
third aperture through a first fiuid channel (62). 

a gas inlet port (36) connected to said first 
aperture through a second fluid channel (58) 
for receiving said carrier gas at a given pres- 
sure, 

a liquid inlet port (30) connected to said 
second aperture (49) through a third fluid chan- 
nel (40) for receiving said liquid reactant at a 
flow rate and a pressure above said given 
pressure, 

a diaphragm (54) disposed adjacent to 
said second aperture (49) for forming a 
vaporization region (51) having a pressure gra- 
dient said vaporization region (51) circum- 
scribing said liquid inlet port and having a 
substantially larger width than said Inlet port. 



said liquid inlet port vaporizes in said valve 
cavity (50) to form a vaporized reactant, mixes 
with said carrier gas, and is carried out of said 
vaporizer (12) through said outlet port (60). 

6 

7. The chemical vapor deposition system of claim 
6, wherein said diaphragm (54) is movable 
relative to said second aperture (49), and fur- 
ther comprising 

10 an actuator (52) for moving said diaphragm 

(54) toward and away from said second ap- 
erture (49) in response to a control signal, 

a liquid mass flow monitor (14) coupling 
said liquid reactant to said liquid inlet port (30) 

J5 for measuring a mass flow rate of said liquid 

reactant and generating an electrical mass flow 
signal indicating said mass flow rate, and 

electrical control means (32) for comparing 
said mass flow signal to a set point, for signal- 

20 ling said actuator (52) to move said diaphragm 

(54) toward said second aperture (49) when 
said mass flow signal indicates a flow rate 
above said set point, and for exciting said 
actuator (52) to move said diaphragm (54) 

25 away from said second aperture (49) when 

said mass flow signal indicates a flow rate 
below said set point. 
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and 

wherein liouid reactant supplied through 
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